(Received for publication, June 3, 1954) The importance of/-methionine in the multiplication of influenza virus has been established. There is excellent reason to believe that the infected chorioallantoic membrane is unable in vitro to synthesize methionine from its immediate precursors, betaine and homocysteine (1) . The methionine needed for viral synthesis must be present in the membrane at the time of infection as the free amino acid or as part of some larger molecule. Methoxinine and ethionine (2) are effective inhibitors of viral multiplication in this tissue because they block the utilization of methionine. The metabolic specificity of their action is demonstrated by the reversal of the inhibitory effect with methionine but not with a number of other related compounds (1) . Which of the several functions of methionine is impaired by these analogues is not known.
It is the object of the present investigation to establish whether the antiviral effect of the metabolically specific inhibitor, methoxinine, is limited to a particular phase of viral development. Previously the phase-specific action of a-amino-p-methoxyphenylmethanesulfonic acid (AMPS) t was reported. It was proposed that AMPS inhibited the incipient stages of viral development and also impaired the release of mature virus from the host-cell (3) . In the present report additional evidence is included which supports the validity of the proposition. The rather specific action of the sulfonic acid has been used in further clarifying the role of methionine in viral propagation. Four stages of viral development have been defined on the basis of their sensitivity to methoxinine and AMPS.
Materials and Methods
Virus and Tissue.--In each of the experiments included in this study, the PR8 strain of Type A influenza virus was used. It has undergone seven passages in ferrets, 593 passages in mice, and 148 passages in eggs. The host tissue was obtained from the chorioaUantoic membrane of 14 to16 day embryonate eggs.
ct-Amino-p-melhoxyphenylmethanesulfonic Acid.--The material was prepared in this laboratory by a method described previously (4) . Immune Serum.--The immune serum used to remove excess viral inoculum was prepared by intranasal instillation of ferrets with allantoic fluid containing the PR8 strain of influenza virus. It had a hemagglutination-inhibition titer of 4096 and was diluted ten times prior to use.
dl-Methoxinine.--(dl-a-amino-y-methoxybutyric
Receptor-Destroying Enzyme, (RDE2), was prepared and partially purified in this laboratory by Dr. R. B. Johnson who kindly supplied the material used in the experiments described here.
Warburg Flask Culture.--The host-virus system was maintained in a Warburg apparatus using as medium a modified Simms solution. The center-well contained Pardee's mixture. Each reaction vessel contained 400 rag. of chorioaUantoic membrane that was used without mincing. The cultures were incubated with shaking at 37°C. A detailed description of the method has been given elsewhere and details of individual experiments are found in the corresponding tables (1, 5) .
Virus Titrations.--The amount of virus was estimated by determining the infectious titer for eggs. For this purpose, tenfold serial dilutions were prepared in broth, and four to six eggs were inoculated with 0.1 ml. of each dilution. Mter 3 days of incubation at 37°C., samples of allantoic fluid were removed from each egg and tested for virus by the addition of red blood cells. The 50 per cent infectious titer was calculated using the method of Reed and Muench (6) . The titers expressed in the paper represent the number of 50 per cent egg infectious doses per 0.1 ml. of sample.
EX.P~IU_ENTAL AND aES~XS

Effect of AMPS and Methoxininc on Incipient Stages of Infection.--It has
been proposed that AMPS prevents multiplication of influenza virus by virtue of its ability to interfere with some early stage of infection. This proposition was based upon the observation that multiplication of virus was inhibited only when the sulfonic acid was added within 30 minutes of the addition of virus to the tissue (3) . That the action of AMPS is upon the incipient stages representing absorption to or penetration of the cell by virus is supported by the following experiment.
Five Warburg flask cultures were prepared containing medium and sections of chorioallantoic membrane. Before incubation RDE was added to one flask, while to a second AMPS was added, and to a third a supplement of methoxinine was made. Two remaining flasks contained no supplements. After 1 hour of incubation at 37°C., an inoculum of influenza virus was added to each flask. At the end of the 2nd hour of incubation RDE was added to one flask which had no initial supplements, and also to those containing AMPS and methoxinine. Each tissue was removed after the 3rd hour of incubation and washed six times in saline. The washed tissues were then returned to fresh medium supplemented only with RDE. When the tissues had been incubated 20 minutes in the fresh medium, 0.I ml. samples of the extracellular fluid were removed and fitrated in eggs. The titer at this time represented the virus which had been carried over to the new medium as a superficial contaminant of the 2 The RDE used was a partially purified preparation of cholera vibrio extract containing 32,000 units of receptor-destroying enzyme per rag. of nitrogen.
tissue. Presumably this virus cannot initiate further infection of susceptible cells because of the continued action of RDE. The fluids were again sampled at the llth hour. By a comparison of the titers obtained with the 11 and 3.3 hour samples, it was possible to determine whether the various treatments of the tissue before and during the exposure to virus allowed the establishment of infection which would result in a yield of virus after the removal of the inoculum and the destruction of receptor sites. A summary of the experiment and the resulting titers are recorded in Table I .
Treatment of the tissue with RDE prior to the addition of virus prevented viral increase while exposure of the tissue to virus for 1 hour followed by RDE treatment gave an excellent yield of virus comparable to the control. When the Each flask contained 0.4 nag. of tissue. The tissues were washed 3 times in saline, once in diluted immune serum (titer 1:400), and 3 times further in saline. The tissues after washhag were returned to 3 ml. of RDE (titer 1:1024). Viral inoculum was 0.3 ml. of diluted allantoic fluid (titer 10-ta). The concentration of methoxinine was 1.3 mg./ml, and that of AMPS was 0.3 mg./ml. § Titers of influenza virus expressed as negative log of the 50 per cent infectious dose for eggs.
tissue was exposed to virus in the presence of AMPS and subsequently treated with RDE, further incubation resulted in no viral increase. If methoxinine were used in the same manner in the place of AMPS, a viral yield resulted. These observations indicate that in the presence of AMPS, the reaction of virus and host-cell did not proceed to irreversible attachment when the virus could not be removed by washing or the action of RDE. In the presence of concentrations of methoxinine which will prevent viral multiplication in this tissue, the development of the infection proceeds to that stage at which the function of the receptor has been completed.
Effects of Massive Inoculum.--The sulfonic acid not only becomes less in-
hibitory when it is added at intervals after the incipient stages of development are completed, but also was observed to be less effective as the concentration of the viral inoculum was increased. This effect is demonstrated in the following experiment.
Four cultures were prepared which initially contained AMPS, tissue, and medium. Suitable concentrations of influenza virus were added so that the final titers in the flasks were calculated to be 10 -8.5, 10 -7.5, 10 -6.6, and 10 -s.5 IDs0. After i hour of incubation at 37°C., the membranes were removed and washed extensively in saline containing AMPS. Subsequently, the membranes were returned to flasks containing fresh medium and AMPS and incubated further. At 3 and 24 hours, samples of the fluids were removed and titrated in eggs for infectivity. The resulting data are recorded in Table II. I t will be noted that when the viral titer was initially greater than 10 -e.s, infection was initiated in the tissue in the presence of the sulfonic acid (0.3 mg./ml.). If the concentration of viral inoculum was less than 10 -e.s, complete inhibition of viral increase resulted. Thus, it is possible to overcome the effect of inhibitor by the use of massive amounts of virus. I n subsequent experiments it was found that if higher concentrations of A M P S were employed, initiation of infection could be prevented in the presence of a larger viral inoculum. This is one of the few inhibitors whose effectiveness has been found to be related to the concentration of the viral inoculum.
Action of R D E on Liberation-Inhibition.--The course of viral development which ensues when A M P S is added after the completion of the incipient stages has been described (3). I t was found that the development of infection proceeded in the normal manner, but the release or liberation of the newly formed virus from the tissue was impaired. The liberation of virus was delayed for m a n y hours, but not prevented indefinitely. Eventually, the effect of the inhibitor was overcome. Under these conditions massive amounts of virus accumulate in the tissue and it was considered that the loss of inhibitory effectiveness might be related to the effect produced when a massive inoculum was used to initiate infection. If the enzymic action of the virus is the important factor in achieving the release of the virus, it should be possible to duplicate by the simple use of RDE the effect which is correlated with the appearance of a massive amount of virus. This possibility was tested in the following experiment.
Two cultures were prepared with tissue, medium, and virus, and then incubated at 37°C. to initiate infection. After 1 hours AMPS was added to one flask while both AMPS and RDE were added to the second. At intervals, samples of the media were taken and titrated in eggs so that the appearance of the virus in the extracellular fluid could be followed. At the 11th hour the tissues were removed, ground with alundum, combined with the medium, and titrated. The data of a typical experiment are recorded in Table III .
The total yield of virus by the llth hour was found to be quite similar in each culture. However, the amount of virus in the fluid was greater in the flask containing RDE. Also, the liberation of virus in that flask occurred earlier, was more complete, and resembled the normal course of viral development seen in the chorioallantoic membrane.
In a second experiment of similar design, the effect of RDE on the release of virus from the tissue of a normal culture was studied. After initiation of infection RDE was added to one of two flasks but no addition of AMPS was made at any time. The resulting data obtained when the fluids were titrated at intervals are also recorded in Table III . Under these particuhr conditions, when the culture is agitated vigorously and a strain of virus is used which has a strong enzymic activity, the RDE produces little effect upon the rate of appearance of virus in the fluid.
From these experiments one may infer that the viral enzyme functions in the liberation of the virus from the host-cell and that the waning of the liberationinhibition produced by AMPS as the development of virus proceeds results from the enzymic action of the massive amounts of virus which must accumulate locally in the infected cell. On the basis of the data available at present, it is tentatively proposed that the action of AMPS is upon the interaction of virus and cellular membrane and that the initial penetration and later release of virus are processes sharing a common characteristic. In this sense the action of AMPS 6.0 1.0 5.0 * Each tissue was incubated 2 hours with vires (titer, 10 ~) and methoTinlne (1.3 mg./ml.) and then washed in saline 6 times before being replaced in fresh medium which contained no supplement, methoxinine (1.3 mg./ml.) or AMPS (0.3 mg./ml.).
:~ The viral titers are expressed as the negative log of the 50 per cent infectious titer for eggs and represent the virus of the extracelluiar fluid.
is specific and can be used as a tool in characterizing the stages of viral development.
Sequential Effects of AMPS and
Methoxinine.--Since the earliest stages of viral development can be specifically inhibited by AMPS, it should be possible to determine whether they proceed in the presence of methoxinine.
Three sections of chorioallantoic membrane were exposed to virus for 2 hours in the presence of methoxinine in a Warburg flask culture. The tissues were then washed extensively to remove unadsorbed virus and methoxiuine. One piece of tissue was placed into fresh medium containing no supplement, a second was returned to medium with methoxinine, while the third piece of tissue was added to a culture containing AMPS. The cultures were then incubated for 24 hours and the fluids were sampled at 2.3, 12, and 24 hours for the determination of virus.
The tissue which was exposed to virus in the presence of methoxinine and incubated subsequently in it produced no yield of virus (Table IV) . The other cultures which were subsequently incubated with AMPS or medium containing no supplement showed viral production by the 12th hour. In the presence of concentrations of methoxinine which will prevent viral multiplication, the initial stages of viral development which are sensitive to the action of AMPS are completed. Presumably, the phases of development which are sensitive to these inhibitors occur consecutively rather than concurrently. The data supplement those obtained from the experiment summarized in Table I , from which it was inferred that the stage of infection in which the receptor functions was completed in the presence of methoxinine. * Time is measured from original addition of tissue and virus to medium. After 1 hour, the tissue was washed to remove the residual inoculum.
Effect of Time of Addition of Methoxinine on Viral Development.--To determine whether methoxinine is inhibitory throughout the later stages of viral
:~ Titers of influenza virus in the extracellular fluids are expressed as the negative log of the LDs0 for eggs.
§ These values are from a separate comparable experiment.
development, or is further phase-specific, methoxinine was added to infected cultures at various intervals after the initiation of infection and its inhibitory effectiveness was observed.
Five cultures of chorioallantoic membrane were prepared and infection was initiated with a massive inoculum of virus to insure a single sequence of infection. After i hour of incubation, the tissues were washed and returned to fresh media. At successive hourly intervals, samples of fluid were removed from individual flasks, and methoxinine was added. Thus, by titration of the fluids for virus it was possible to determine the amount of virus present at 1 hour and at the time of the additions of methoxinine. At the 11th hour, samples of fluid were again taken from each flask culture and titrated.
From the data (Table V) , it is possible to determine whether viral growth occurred in any particular flask by the time of addition of the analogue and also whether it occurred after the addition had been made. The addition of inhibitor at 1 or 2 hours after virus resulted in complete suppression of viral increase; however, it was less effective when added at 3 or 4 hours. Some effect was still produced at 4 hours after the addition of virus in that, while the titer increased from 10 -5.7 to 10-*.°, that of the control had reached 10-°.5. From these data it would appear that the utilization of methionine for the production of virus is completed some time before the appearance of the infectious form of the virus. Throughout the liberation period of the development of an infected multicellular culture, there may be present at all times some fully infectious virus, some viral material the development of which is sufficiently advanced to be refractory to the inhibitor, and potential virus in early stages of development still susceptible to inhibition. Hence, the demarcation of the zones or stages which are sensitive from those which are refractory is, as one might anticipate, poorly defined. This is probably the result of individual differences in cells and the presence in any single cell of viral material in differing stages of development throughout the liberation period in which virus is being matured and released. Thus, even if the late stages of viral development do not require methioniue, this may not be reflected in the viral growth curve of a multicellular culture as a discrete period completely refractory to the influence of methoxinine. By the same token, one may not expect the release of virus from the host-cell which must be the final stage of development of each individual infectious unit, to occur at one discrete portion of the growth curve. It is obvious that other interpretations of the data are possible. In a future report results obtained from a similar experiment using the same inhibitor but the newborn pneumonitis virus (Sendai) (7) will be described. In this case, the latent period of all infected cells is considerably longer and, while they show the same effect with methoxinine, the demarcation of the sensitive and insensitive phases is sharper (8) .
Sychronization of Infection.--The viral growth curve obtained with a multicellular culture showing a release of virus over a period of many hours has been attributed in part to the release of virus from individual cells over a period of hours and in part to individual differences in the cells (9, 10) . Some cells begin to release virus later than others; i.e., the constant or latent period of individual cells varies. The longer latent periods of some cells may result either because the incipient stages or the later synthetic processes are completed more slowly. If the tissue and virus were incubated in the presence of methoxinine for several hours to permit attachment and penetration of the virus and yet to inhibit some early stage of the biosynthetic process, the development of infection in the cells in which the early stages were rapid might be arrested at some point until the slower variants had achieved the same stage of development. Upon removal of the metabolic block, one might expect the viral development in all cells to proceed from the same starting line and to behave more uniformly.
A culture was prepared which contained initially virus, tissue, medium, and methoxinine. After 3 hours of incubation at 37°C., the tissue was washed thoroughly to remove the excess viral inoculum and inhibitor. The tissues were then placed into fresh medium containing no additional virus. In some experiments, the medium was supplemented with /-methionine. At hourly intervals thereafter the extracellular fluid was sampled and titrated for virus. The results from a typical experiment are plotted in Fig. 1 . Included in the figure is a growth curve obtained from a culture which did not receive the pretreatment with methoxinine.
It will be noted that the latent period, which is probably the latent period of the early producing cells, is not shorter. The addition of methionine as a supplement in the replacement medium did not influence the growth curve. The release period of the curve, however, is shorter. The result is a curve with a 0 0 I0 W re 0 la.. steeper slope than that seen in the control. This curve would result if the latent period of those cells which would have normally released their virus at a later time were shorter. Since the incipient stages and probably only little of the intracellular synthetic process (as judged by the effect upon the latent period of the early yielding cells) proceed in the presence of methoxinine, it would seem most likely that the individual differences seen in the response of cells to virus reside in the rates of adsorption and penetration.
DISCUSSION
The endogenous metabolic activity of isolated animal tissues is so great that upon infection, the exogenous addition of only few substrates will stimulate the rate of viral development. In this situation metabolic antagonists are unusually suitable for investigating the requirements of viral synthesis. The sharpness of the interpretations which may be drawn using the technique is related to the degree of specificity which the antagonists exhibit. They affect not only specific physiologic or metabolic activities of the cell but specific stages of viral development. The two effects are, however, differential and some metabolically specific inhibitors may be expected to show no phase-specificity.
The relation of the effectiveness of an inhibitor to the age of the infection when it is added is of greatest significance when the observations are confined to a single sequence of multiplication. Even in a system such as that described here, in which a single sequence of infection is achieved by the use of massive inocula, the infectious process of individual cells is not synchronized, and if discrete biochemical stages do exist, they may overlap to some extent. This inhomogeneity of cellular response may produce the ill defined boundary detected between phases which vary in sensitivity to methoxinine (Table V) . That adsorption and penetration are stages which are completed very early is dear. However, even these incipient phases may not occur in all cells at the same rate (Fig. 1) . The biochemical processes occurring in the latent period may continue throughout the productive period of an infected cell. Alternatively the viral synthetic process may represent a series of discrete biochemical steps, a sequence of reactions which may not operate concurrently. One might propose that at least two classes of chemical reactions occur in the latent period: those which are involved in the adaptation of the cell for the production of virus and others which produce direct viral precursors. The former may represent discrete phases which terminate while the latter continue and operate concurrently.
The results with methoxinine would support the view that some phasespecific reactions exist. One of these involves methionlne. Its function appears to be completed at an interval before the appearance of the infectious property of the virus.
If the interpretations of Cairns (9) and Dulbecco (10) are correct and virus is released from single cells over a period of many hours, then one might anticipate during the maturation period some series of reactions occurring repeatedly and resulting in a continuous yield of virus, as appears to be the case from the results obtained with the infected membrane.
Four stages of viral development may be defined on the basis of sensitivity to AMPS and methoxinine. The first, which represents adsorption and penetration, is inhibited by AMPS but not by methoxinlne. Apparently the virus will react with a cell and institute the incipient stages of infection when the cell is under conditions which disallow any viral increase. A second stage can be recognized which is subject to the influence of methoxinine but will proceed in the presence of AMPS. This phase corresponds to a part of the latent period in which little or no mature virus has yet occurred. Finally, the development proceeds to a phase in which mature virus is appearing and which is apparently insensitive to methoxinine or AMPS. Operating concurrently is the release process. The two concurrent phases can be differentiated by the sensitivity of the latter to AMPS. Apparently the release of virus proceeds over many hours simply because virus is formed throughout this time.
SUM-~rARy
An analysis of the growth curve obtained in vitro for influenza virus in chorioallantoic membrane has been made using two known viral inhibitors, methoxinine and ot-arnlno-a p-methoxyphenylmethanesulfonic acid. The action of these compounds has been shown to be specific for particular phases of viral development. Further, this action is sequential indicating that the inhibited phases do not occur concurrently.
The sulfonic acid interferes with the initiation of infection and with the release of newly formed virus from the host-cell. The former effect is dependent upon the relative concentrations of viral inoculum and sulfonic acid. The latter effect is prevented by the action of the receptor-destroying enzyme obtained from cholera vibrio extracts. It is proposed that a function of the viral enzyme is to facilitate the release of virus from the host-cell. The intracellular concentration of virus necessary to initiate this release is increased in the presence of a-amino-a p-methoxyphenylmethanesulfonic acid.
It was found that infection can be initiated in the presence of methoxinine under which condition viral increase is disallowed. The function in viral development of one biochemical process which is inhibited by methoxinine was found to be completed at an interval after initiation of infection and before the appearance of the infectious form of the virus. It is possible to define four stages of viral development in terms of sensitivity to methoxinine and a-amino-a~methoxyphenylmethanesulfonic acid.
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